Introduction
Primary central nervous system lymphoma (PCNSL) responds relatively quickly to radiation therapy, like the majority of extra-central nervous system (CNS) lymphomas. The complete disappearance of enhancing tumor masses is frequently observed following conventional radiation therapy. Therefore, until the late 1970s, radiation alone after surgical resection was the standard treatment for PCNSL. However, the outcome of patients treated by radiation alone was generally poor. [1] [2] [3] [4] [5] In particular, older studies reported 5-year survival rates of less than 10%. This poor outcome was in striking contrast with that reported for other extranodal localized (stage I) lymphomas. 6, 7 Although the initial response of PCNSL to radiation is generally good, local recurrence in the irradiated volume, as well as remote CNS recurrence outside of the treatment volume, is frequently observed. This led to changes in the treatment strategy, including the introduction of systemic chemotherapy in the late 1970s. Combination with standard chemotherapy regimens used for systemic lymphoma did not yield remarkable results. [8] [9] [10] [11] However, subsequently, high-dose methotrexate (MTX)-containing regimens were found to be effective and their use has spread worldwide. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] However, there is a big flaw in this increase in the routine use of MTX-containing chemotherapy: the lack of firm evidence demonstrated by randomized trials. Even without phase III studies, there has been a recent and growing trend in Western countries to use chemotherapy first and reserve radiation therapy until recurrence. However, approaches like these have not been generally accepted by the international scientific community. It can, therefore, be concluded that the standard treatment for PCNSL has not yet been established because of the paucity of reliable randomized clinical trials. In Japan, radiation therapy is still used in the firstline treatment of non-elderly patients with PCNSL in combination with chemotherapy, generally using MTX-containing regimens. This review summarizes the results of radiation therapy for PCNSL, characterizes its role, and discusses optimal forms.
Strategy for diagnosis
Central nervous system lymphoma (CNSL), either primary or secondary, showing typical imaging characteristics is not hard to diagnose using contrast-enhanced magnetic resonance imaging (MRI) or even computed tomography (CT). 10 Typically, CNSL shows marked homogenous contrast enhancement surrounded by broad low-intensity areas on T1-weighted MR images, high-intensity areas on T2-weighted images, and low-density areas on CT. The mass effect is, however, relatively small even in a large tumor. It is not difficult to diagnose typical cases from these imaging findings. In addition, if corticosteroids are used and there is a resultant decrease in tumor volume (although steroids are not recommended before biopsy), the clinical diagnosis of CNSL is firmly supported. If the patient has extra-CNS histologically-verified lymphoma, biopsy of the CNS tumor possessing these imaging characteristics is unnecessary and should be avoided. Therefore, when imaging findings suggest CNSL, positron emission tomography with 18-fluorodeoxyglucose is highly recommended to evaluate the existence of extra-cranial lymphoma. If there is no extra-CNS lesion, a diagnosis of PCNSL becomes very likely. Nevertheless, the author recommends biopsy of the suspected PCNSL. Extensive resection is not recommended, since it has not been proven to improve the prognosis. 22 The recommendation to perform a biopsy is based on the fact that, according to the current classification of lymphoma, most PCNSL are categorized as diffuse large B-cell lymphoma. However, a small proportion of PCNSL are of T-cell origin, and there are other types of B-cell lymphoma in PCNSL. 22 Differentiating between the various histological subtypes of lymphoma by imaging is problematic. More importantly, in the future, the classification of lymphoma may change again since the present classification does not necessarily reflect the origin of lymphoma cells. Given this, it could be meaningful to obtain a biopsy and establish the histopathological diagnosis, and then store the specimen for future reference.
Treatment strategy
In view of the poor results obtained by radiation therapy alone, combination with chemotherapy has been investigated since the late 1970s. Most regimens of chemotherapy investigated so far can be classified into the following two groups: i) regimens used for systemic lymphoma, such as CHOP (cyclophosphamide, doxorubicin, vincristine, and prednisolone); and ii) high-dose MTX either alone or in combination with other drugs. The outcome of patients treated by the former regimens was mostly unsatisfactory. [9] [10] [11] A small randomized study suggested no benefit of adding CHOP chemotherapy to whole-brain radiation. 11 These unsatisfactory results were attributed to poor penetration of the compounds across the blood-brain barrier, especially when given before radiation therapy. However, in a previously published paper, our group 10 suggested that the use of CHOP or CHOP-like chemotherapy after radiation therapy might improve outcome, since radiation therapy can disrupt the blood-brain barrier. 23 The drugs that do not cross the blood-brain barrier may cross it when given after radiation therapy. This hypothesis, however, still has to be examined in greater depth.
In contrast, studies investigating high-dose MTX-containing regimens appear to have been successful. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Many such studies achieved median survival times of 30-45 months and 5-year survival rates of 30-40%. However, no randomized studies comparing radiation alone with radiation plus high-dose MTX-based chemotherapy have been carried out. The investigators of chemoradiation trials have reported that the outcome obtained is a marked improvement over the results previously achieved by radiotherapy alone (i.e. 5-year survival <10%). Even in the absence of randomized studies, some investigators report that such chemoradiation therapy is definitely superior to radiation alone. 24 However, this methodology (i.e. comparison with very old data obtained with radiation alone) does not seem to be justified in the era of evidence-based medicine.
Nevertheless, attempts to defer radiation therapy in elderly patients and reserve radiation for recurrence after primary chemotherapy in younger patients seem to be steadily on the increase. Chemotherapy alone is associated with a higher recurrence rate but it has been reported to be associated with less neurotoxicity. A recent randomized trial comparing high-dose MTX alone and in combination with radiation therapy clearly indicated a lower progression-free survival in patients undergoing chemotherapy alone (see below). 25 The optimal treatment policy will need to be established in the near future.
Radiation therapy
Results of radiotherapy alone Table 1 summarizes reported results of radiation monotherapy for PCNSL. Results of old small-scale studies are included in two reviews. 1, 2 Relatively old literature indicates a poor outcome for PNCSL patients treated by radiation alone; the reported 5-year survival rates are mostly less than 10%. A very high proportion of PCNSL show local recurrence. Although recurrence within the CNS apart from the primary lesion is also common regardless of the radiation treatment volume, 5, 26 in-field local recurrence is often observed. Therefore, it is argued that the radiosensitivity of PCNSL may be lower than that of other extranodal lymphomas. This relatively low radiosensitivity may be intrinsic to PCNSL cells or may be due to the tumor bed (i.e. brain parenchyma). Similarly, CNS germinomas are known to require higher radiation doses for local control than their testicular counterparts (i.e. seminomas). 27 Nevertheless, the previously reported 5-year survival rates of less than 10% appear to be too low for PCNSL that does not frequently metastasize to extra-CNS organs.
The main reason for the poor results in the past is not clear. However, experience shows that before 1980, the diagnosis of PCNSL was not readily made, and the treatment policy for PCNSL patients was not well established. The surgical approach for some of our patients was excessive, leading to a poor post-operative performance status and death soon after. Our group 22 recently reported that the proportion of good performance status (PS) patients was significantly higher in more recent years than it had been previously. With the development of a diagnostic strategy and better recognition of PCNSL on the part of physicians, patients may now be diagnosed at an earlier stage than before. We speculate that improvement in general care and an earlier diagnosis may be some of the reasons for the improved prognosis.
On the other hand, our group reported a 5-year survival of 18.0% in Japanese patients treated by radiotherapy alone between 1990 and 1999. 28 Patient data were collected through retrospective multi-institutional studies of the Japanese Society for Therapeutic Radiology and Oncology (JASTRO) Lymphoma Study Group and the Chubu Radiation Oncology Group (CROG). [29] [30] [31] It should be noted that there was a gradual increase in the use of combination chemotherapy through the 1990s, and many of these patients were considered not to be candidates for chemotherapy or refused this treatment approach. Nevertheless, survival data were better than those reported before 1990. In order to compare with chemoradiation studies, 62 patients aged 16-65 years with PS 0-3 were also analyzed in the study. 28 In terms of age and PS, these patients were considered eligible for a prospective study of chemoradiation by the European Organization for Research and Treatment of Cancer (EORTC 20962). 20 For these 62 patients, the median survival time was 26 months, and survival rates were 69% at 1 year, 53% at 2 years, 33% at 3 years, and 24% at 5 years. For comparison, in the EORTC 20962 trial, the median survival time was 46 months and 2-year survival rate was 69%. 28 A report by Ishikawa et al. 32 2003 also indicated much better survival rates for PCNSL patients treated by radiation alone, as compared to older published data. Data for PCNSL patients seen between 2000 and 2004 have been published. 22 Data for 131 patients were collected; 76% received chemotherapy and 72% of the chemotherapy regimens were high-dose MTX-based. As a result, 31 patients treated with radiation alone had a 5-year survival rate of only 7.5%. Table 2 . Treatment characteristics are shown in Table 3 . In Figure 1 , survival curves for all patients treated during the four periods are shown. The overall survival rates at 5 years were 15.3%, 29.5%, 30.4% and 43.6% for the periods of 1985-1994, 1995-1999, 2000-2004 and 2005-2009 , respectively. The high survival rate in the most recent period may partly be due to a shorter follow-up period. Also, survival curves for patients treated by radiation alone are shown in Figure 2 . Only 23% of the patients received radiation therapy alone during 2005-2009 achieving a 3-year survival rate of 30.6%. Thus, old data on radiation therapy alone do not represent the true outcome obtained by radiation monotherapy. The Japanese data for patients treated between 1990 and 1999 (i.e. 18% 5-year survival) may be closer to the expected prognosis of PCNSL patients treated with radiation therapy alone.
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Review
Optimal treatment volume
Whole-brain irradiation has been commonly used to treat PCNSL patients. The rationale for using a whole-brain field is that PCNSL is often multiple and that the boundary of PCNSL lesions is obscure; tumor cells are believed to usually invade the normal brain over a few centimeters from a contrast-enhanced tumor mass. Therefore, wholebrain irradiation is safe in terms of not missing viable tumor cells. This was especially true in the era before MRI or CT. Following the traditional use of whole-brain fields, the majority of PCNSL patients are still being treated with whole-brain radiation. On the other hand, medical oncologists have stressed the toxicity of whole-brain radiation. The neurotoxicity includes dementia and a decline in PS. The neurotoxicity is more specific to the treatment of PCNSL patients, since we observed only a slight, if any, decline in the mini-mental state examination score after whole-brain irradiation in patients with brain metastases from other cancers. 33 [page 30]
[Oncology Reviews 2013; 7:e4] to be more resistant to the adverse effects of radiation. However, our experience with Japanese patients shows that this neurotoxicity is not so frequently encountered in those under 60 years of age treated mainly with radiation therapy, and I think this adverse event is also closely related to the use of MTX. I suggest that neurotoxicity, when treated by radiation alone, might have been somewhat exaggerated by Western neuro-oncologists. However, this possible diversity in neurotoxicity may be due to racial differences and to our policy concerning radiation therapy, especially with respect to the treatment volume, as described below. Therefore, the concern over neurotoxicity seems to be strengthened when chemotherapy, especially high-dose MTX, is used in combination. On the other hand, one may expect high-dose MTX to eradicate microscopic diseases, so I have postulated the use of extended focal radiation field with wide (approx. 4 cm) margins from a tumor mass when there is a single PCNSL lesion. This is especially true when chemotherapy including high-dose MTX is used. After 40 Gy, I reduce the treatment volume and use a localized radiation field with 1-1.5 cm margins. We retrospectively analyzed 41 patients treated by a partial-brain radiation field. 26 When patients were treated with a localized field with less than 4-cm margins, out-of-field recurrences were frequently seen (83% at 3 years). With wider margins (≥4 cm), the rate for out-of-field recurrence was 22% at three years, and there did not seem to be any difference in overall survival to that of patients receiving whole-brain radiation therapy. Therefore, it was concluded that partial-brain irradiation with wide margins may well be worth considering in patients with a single lesion undergoing high-dose MTX-containing chemotherapy. We are still continuing to use extended focal radiation fields for patients with a single lesion. Figure 3 shows survival curves for PCNSL patients after whole-brain or partial-brain irradiation in the above-mentioned Japanese surveys. All patients treated between 1985 and 2009 were included. Patients treated with partial-brain fields had a 5-year survival rate of 33.6%, while those treated with whole-brain fields had a 5-year survival of 24.4% (P=0.47). A recent analysis of our own data also suggested results similar to those we published previously. 26 Even when whole-brain radiation is employed, the whole-brain should not be irradiated with a full dose. After 40 or 30 Gy (depending upon the case), the radiation field should be reduced to only cover regions of macroscopic tumors confirmed at diagnosis with a margin. There is no rationale for using the same dose for macroscopic lesions and prophylaxis for possible microscopic lesions. Using whole-brain fields throughout the treatment should be avoided.
Craniospinal irradiation has not been frequently used in the treatment of PCNSL. Although the JASTRO surveys of PCNSL patients seen between 1985 and 2009 indicated that the incidence of meningeal dissemination at the diagnosis of PCNSL was 13-19%, spinal irradiation was employed in only 3.1-8.3% of the patients. 22, [29] [30] [31] Figure 4 shows survival curves for PCNSL patients treated with or without spinal irradiation in the above-mentioned surveys. Patients who did not receive whole spinal irradiation had a 5-year survival rate of 25.5%, while those who did had a rate of 22.6% (P=0.96).
Review
Optimal radiation dose and fractionation
Conventional fractionation has been used in the treatment of PCNSL. Since normal brain tissue is considered to have a lowα/βratio of approximately 2-3 Gy, it is generally not recommended to use a high dose per fraction. Except for palliative treatment, a 2-Gy daily fraction remains the standard. Accelerated fractionation or accelerated hyperfractionation may be another option for rapidly growing tumors. One small phase I study investigated accelerated hyperfractionation using 1.5 Gy twice daily to a total whole-brain dose of 45 Gy in combination with chemotherapy with high-dose MTX, idarubicin, dexamathazone, cytosine arabinoside, and cisplatin. 34 Bromodeoxyuridine infusion was delivered 2-3 days prior to whole-brain radiotherapy and then weekly during radiotherapy. In the 12 patients studied, disease control was modest, but neurotoxicity was found to be unacceptable. It is not clear whether this neurotoxicity was related to the use of accelerated hyperfractionation or bromodeoxyuridine infusion. Another small pilot study of 10 patients investigated 2 Gy twice daily to a whole-brain dose of 50 Gy delivered over only 13 days without weekend interruptions. 35 Nine of the 10 patients died and the median survival time was only 17 months. The authors concluded that the accelerated schedule of radiation therapy was ineffective and was associated with unacceptable toxicity. Hyperfractionation using 1.0-1.2 Gy twice daily has also been evaluated in a few studies. To reduce late CNS toxicity, the use of a lower dose per fraction is felt worthy of investigation. In the Radiation Therapy Oncology Group (RTOG) study 9310 investigating pre-radiation chemotherapy including MTX, vincristine and procarbazine, the radiation dose and fractionation were changed from 45 Gy in 25 fractions to 36 Gy with 1.2 Gy twice daily over three weeks. 36 Although the hyperfractionation schedule represented a 25% reduction in biologically effective tumor dose as compared to the standard fractionation, progression-free survival and overall survival were not significantly affected. The hyperfractionation regimen delayed leukoencephalopathy but did not eliminate severe neurotoxicity from chemoradiation. Another study of 30 patients used hyperfractionated whole-brain radiation to 45 Gy with 1.0 Gy twice daily in combination with MTX (8 g/m 2 ), cytarabine and thiotepa followed by autologous stem cell transplantation. 37 The 5-year overall survival probability was as high as 69% for all patients and 87% for 23 patients who received high-dose chemotherapy and autologous stem-cell transplantation. Five of the 30 patients (17%) developed leukoencephalopathy, and this rate was evaluated as moderate compared with data in the literature. From these studies, hyperfractionated radiotherapy seems to deserve further investigation. The use of hyperfractionation was reported in another small study of 8 patients using a whole-brain dose of as high as 64.8 Gy in 54 fractions over 5.5 weeks. 38 Six patients showed neurological deterioration without evidence of tumor recurrence, and the marked toxicity prompted study closure.
No randomized trial has been carried out regarding the optimal total radiation dose. With 41 patients, the RTOG 8315 study investigated an escalation of the total dose to 60 Gy (40 Gy to the whole brain followed by a 20-Gy focal boost), but the results were not considered superior to those obtained by lower doses of radiation (e.g. 50 Gy). 5, 36 Thus, the standard radiation dose in the primary treatment of PCNSL, when used alone, seems to remain at 50 Gy. With the development of MTX-containing chemotherapy, however, attempts are being made to reduce radiation doses (or even defer radiotherapy). In a phase II study with 57 patients, however, the reduction of the whole-brain dose from 45 to 30.6 Gy appeared to be associated with an increased recurrence rate. 39 On the other hand, in a phase II study enrolling 30 patients, only 23.4 Gy were given to patients who achieved a complete response after chemotherapy, and the disease control was reported to be satisfactory. 40 Figure 5 shows survival data from the above-mentioned Japanese surveys according to the total radiation dose. Patients who did not complete the planned radiotherapy were excluded. The 5-year survival rate was 21.9% for patients receiving 30-39.9 Gy, 28.8% for those receiving 40-49.9 Gy, 27.0% for those treated with 50-53.9 Gy, and 21.0% for those receiving 54 Gy or more. Significant differences were observed between the lowest dose group and the other three groups. Patients receiving 40-49.9 Gy had higher survival rates than those receiving 54 Gy or more (P=0.039). Although these results were obtained retrospectively, they did not suggest a better outcome when treated with relatively low radiation doses, even in combination with chemotherapy.
As stated above, some groups are investigating the omission of radiation therapy in elderly patients. Even in younger patients, an attempt is being made to defer radiation and reserve it until recurrence. To examine this, a randomized trial was carried out by the German Primary CNS Lymphoma Study Group involving 551 patients. 25 The trial compared high-dose MTX alone with high-dose MTX plus whole-brain radiotherapy to 45 Gy given as 1.5 Gy once daily. In the group treated without whole-brain radiation, high-dose cytarabine was administered when a complete response was not obtained by high-dose MTX. Also, this group of patients could receive radiation therapy at recurrence. The results clearly showed higher progression-free survival rates in the group treated with chemotherapy plus whole-brain radiation, but there was no significant difference in overall survival between the two groups; it seems that radiation given as second-line treatment was partially responsible for this result. Several weak points about this trial have been pointed out, including a long patient accrual period (9 years), a low rate of patients treated per protocol, and low overall survival rates in both arms. Therefore, future studies should examine this issue more closely, regardless of whether or not the omission or deferral of radiation therapy is really justified.
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Newer radiation technique and modalities
Some groups have reported the use of stereotactic radiosurgery in the treatment of PCNSL. 41, 42 Its use in recurrent cases that have already undergone conventional full-dose radiation may be partly justified, but considering the spread of tumor cells around enhancing tumor masses, it is not sensible to use radiosurgery in the first-line treatment of PCNSL. Recurrent cases already receiving full-dose radiation and primary cases that are unable to undergo standard radiotherapy may be palliatively treated with a gammaknife, cyberknife, tomotherapy, or a linac-based radiosurgery system. Radiation doses may be determined on a case-by-case basis. The results of radiosurgical treatment for recurrent PCNSL indicate acceptable toxicity and a modest survival time. 41, 42 As expected, local control was relatively favorable, but high recurrence rates outside the treatment volume have been reported.
As a first-line treatment, intensity-modulated radiation therapy (IMRT) deserves consideration. In the treatment of glioblastoma, the simultaneous integrated boost technique is being increasingly used. 43, 44 If this technique is used, whole-brain or margin areas for focal radiation with generous margins can be uniformly treated with a standard dose, while tumor mass areas can be simultaneously boosted. For example, the whole brain or wide-margin regions around a tumor mass can be treated with 40 Gy in 20 fractions, while tumor masses can be treated with 2.4 or 2.5 Gy per fraction to the same 20 fractions. In my opinion, this type of IMRT should in the near future be employed in as many patients with primary malignant brain tumors as possible.
The use of particle beams has not yet been reported. The advantage of proton beams that stop at the target can be utilized for focal radiotherapy or as a boost. So, with the increase in the number of devices available, the use of proton therapy may be investigated in the future. On the contrary, carbon-ion therapy may not be indicated for PCNSL at present in view of the relatively high CNS toxicity reported in patients treated with carbon-ion beams. 45 
Conclusions
As time passes, the role of radiation therapy in the treatment of PCNSL may be diminishing and medical neuro-oncologists have led this trend. Radiation has a greater effect on local tumor control than chemotherapy. Therefore, the utilization of radiation therapy, even at lower doses than previously used, should be investigated in future studies, especially in younger patients, in order to cure this disease. Randomized trials should be encouraged to investigate this.
